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Abstract—Although numerous methods have bee# developed for the detection of lipid peroxidation, 
it is generally recognized that most of these lack speaScity and/or sensitivity, paitieularly when apphed 
to in vivo situations. We have reported recently that a series of prostaglandin Fj-like coinpounds, 
termed Fj-isoprostnnes, are formed in vivo from the free radical catalyzed peroxidation of araidiidonic 
add and appear to be a useful marker of oiddant stress. Because the formation of other products of 
lipid peroxidation, such as alkanes and maloBdialdehyde (MDA), are affected by oxygen tension, which 
may influence their usefulness as markers of oxidant stress, we carried out a systematic study of the 
generation of FrisojKostanes at various oxygen concentrations and compared these changes with the 
generation of MDA. The disappearance of the Fi'isoprastaue precursor, arachidomc acid, was used as 
a reference measure. Rat liver microsomes were percuddized using an iron-ascorbate system. The 
incubations were carried out in sealed flasks at 37* under Ni and various concentrations of O 2 up to 
100%. F;-isoprastanes were quantified by mass spectrometry and MDA by the thiobarbituric add 
reaction. Microsomal fatty adds were measured by gas chromatography. Both MDA and Pfisoprostanc 
formation increased in a time-dependent mauner up to 15 min. Their feumation correlnted with a loss 
of polyunsaturated fatty add and with so increase in O- tension up to 21% Oj. At oxygen tensions 
above 21%, MDA generation continued to increase, while Fj-isoprostane generation and atachidonic 
acid loss did net. Levels of MD.A aud Fr-isoprostanes increased a maximiun of 65 and 9.4 times baseline 
values, respectively. These studies, therefore, define factors that influence the formation of F^- 
isoprusuues in an in vitro model of lipid peroxidatioii. Further, they demonstrate that higher Oj 
tensions do not block formation of Fr-isoprostancs and validate their uscfnlness Cor assessing lipid 
peroxidation under high, as well as low, oxygen tension. 
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Free radical catalyzed lipid peroxidation has been 
implicated in the pathogenesis of a wide variety of 
human disorders [1-4], Nonetheless, much icmains 
to be understood about the mechanisms of oxidant 
injury in vluo. It has been reported previously that 
auto-oxidatioD of fetty acids iri oitro results in the 
formation of PQ||-like compounds [5-7], Recently, 
WB reported that a series of PGFr^e compounds, 
termed Fj-isoprostanes, are produced i» oioo in 
humans as products of free radical catalyzed 
peroxidation arachidonic acid independent of the 
cyclooxygenase enzyme (gj. Formation of F^- 
isoprostanes proceeds throu^ intennedlates com¬ 
prised of four positional perooryl radical isomers of 
arachidonic acid which undergo endocyclization 
to yield POGj-like bicyclic endoperoxides. The 
endoperoxides are then reduced to F-ring iso- 
prostanes. Fi-isoprostanes are primarily formed in 
situ &om arachidonic acid esterified in phospholipids 
and subsequently released prefoimed into the 
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circulation, presumably by a phospholipase(s) [9]. 
Levels of esterihed Frisoprostanes in tissues such 
as liver iociease dramatically in animal models of 
free radical injury, and quantification of the Fj- 
isoprostanes has proved to be an important advance 
in our ability to assess oxidant status in vivo [10]. 
Nonetheless, factors that modulate the generation 
of Frisoprostanes have not been explored carefully. 
Because other methods used to measure lipid 
peroxidation, such as tnalondialdehyde and alkane 
generadon, are affeaed by oxygen tension [U], we 
carried out a systematic study ^ the generation of 
F^-isoprostanes in an in vitro model system of 
peroxidizing rat liver microsomes at various O 2 
concentrations and compared these changes with the 
production of MDA. The disappearance of the Fj- 
isoprostane precursor, arachidonic acid, was used as 
a reference measurement. 


MATERIALS AND METHODS 

FeQj and CCL) were purchased from the Fisher 
Scientific Allied Coip. (Pittsburgh, PA). ADP and 
the fatty acid reference standard were purchased 
from the Sigma Qiemical Co. (St. Louis, MO). 
PH 4 ]Prostaglandifl Fa* standard for quastificatioa of 
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the F;-isopro5tanes was purchased from the Cayman 
Chemical Co. (Ann Arbor, MI). 

Hepatic microtomes were isolated by differential 
centrifugation from male Sprague-Dawiey rats (200- 
250 g) purchased from Harlan Sprague-Dawley, Inc. 
(Indianapolis, IN) [12|. They were given food and 
water ad lib, and housed in altemaling 12-hr light 
and dark cycles. The rats were fasted overnight prior 
to microsome isolation. A buffer containing 50 mM 
TriS“HCl and 150 mM KCl (adjusted to pH 7.4) was 
used for the isolation and incubation medium. 
Incubations were performed in a shaking water bath 
at 37° in 25-mL sealed flasks; the total volume was 
5mL and the protein concentration of the solution 
was 0.55 ± 0,16 mg^mL (mean ± 1 SD, N = 11). 
The flask atmospheres with less than 21% o.xygen 
were adjusted by flushing the flask with nitrogen for 
15 min and injecting graded amounts of oxygen. All 
reagents used were purged with nitrogen. 

Lipid peroxidation was initiated after a 5-niin 
preincubation of raicrosomes at 37° by the addition 
of 5 ;tM iron, 2 mM ADP, and 1 uiM ascorbie acid, 
This peroxidation system was employed so that data 
obtained regarding Fj-isoprostane formation could 
be compared with previous studies in which alkane 
generation was examined [11]. Depending On the 
experiment, incubation times varied from 2,5 
to 90 min. The reactions were terminated by 
withdrawing mixture aliquots and immediately 
processing them for MDA, F^-isoprostanes, or fatty 
acid composition as described below. 

MDA wa.s quantified by measuring thiobarbituric 
acid reactive mareriat employing a colorimetric assay 
as described [13], Esterified Fj-isoprostanes in 
microsomal phospholipids were quantified as free 
F 2 -isoprostanes after base hydrolysis of lipids, 
purification and derivatiiation [9], Analysis was 
performed using gas chromaiography/ma’ss spec¬ 
trometry, employing stable isotope dilution tech¬ 
niques with pHjPGFia 3S an internal standard as 
described [14]. Microsomal phospholipid fatty acids 
were quantified as described, using pentadecaiioie 
acid as a standard [15], 

Experiments were also carried out to compare the 
generation of Fj-isoprosianes with that of MDA 
in Pivo in rats administered CCi* (1 mL/kg) 
intragastrically [16], One hour after administration, 
the animals were killed, the livers were hunested. 
and Fj-isoprostanes and MDA svere quantified as 
described [9,17]. Statistical evaluation of data was 
performed using Student's r-test. 

RESl'LTa 

Initiaily, we examined the time course of 
formation of Fj-isoprostanes in peroxidizing rat liver 
microsomes exposed to 21% Oj and compared this 
wr'th the formation of MDA, The results are shown 
in Fig. 1. As is evident, after initiation of 
peroxidation, the generation of MDA increased 
rapidly and dramatically (Fig. lA) with much of the 
generation occurring in the first 5-10 min and 
reaching a plateau within 10-15 min. In an analogous 
manner, Fj-isoprostane formation increased rapidly 
over a similar period of time, reaching maximum 
levels within 10 min. Theiealter, however, levels 
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Fig. 1, (Aj Time course of Fj-'scprosmiie (&) and MDA 
(■] formation in rat liver microsomes after addititin of 
iron, ADP, and ascorbate at an O, tension of 217c, (B) 
Per cent disappearance of palmitic (H) and nrachidonic 
tA) acids in the sain? microsomal incubations. Baseline 
values for palmitic and arachidonie acid were 331 4 30 
and 462 — 34 nmol/mg protein, respectively. Values are 
means 4 SD; N ■ 5 experiments. 


decreased and by 9(1 min were approximately 45% 
lower titan at 10 min. The reason for the decline in 
Fj-isoprostanes over time may be e.\plaincd by prior 
obsen'ations in which we have shown that Fy 
isoprostanes, once formed, can be removed from 
tissue phospholipids l/t oitm, presumably by 
phospholipase Aj [9], .Vficrosotnal preparations 
contain phospholipase Aj, and thus it is possible 
that after formation, Fj-isoprostanes are hydrolyzed 
from microsomal phospholipids [18], Since the 
method employed to measure esterified Fj-iso- 
prostanes in these studies involves extraction of 
lipids using a modified Folcli procedure [9[, free Fi- 
isoprostanes are e.xcluded because tliey do not 
extract into the organic pliase at a neutral pM. Tims, 
to test the hypothesis that free F^-isoprostanes 
increase in microsomal incubations over time, free 
isoprostanes were quantilied in addition to estetified 
Fyisoprostune.s in microsomal incubations at 
baseline, after 10 min, and after 90 inin of per¬ 
oxidation (14). Levels of free compounds were 
undetecLibie at baseline, were 5 ± 5% of esterified 


PM3006731959 


Source; https://www.industrydocuments.ucsf.edu/docs/ytpx0001 




07019901 


Fj-lsoprostane foimaUon in inicro&oilies 


1175 


A 



B 



Fig. 2. (A) Oxygen dependence of Fj-isopiostane (A) and 
MDA (■) iflcreases in rat liver tnici^mes after addidon 
of iron. ADP. and ascorbate for 20 min. (B) Per cent 
disappearance of palmitic (■) and arachidotuc (A) acid at 
different tensions. Baseline values for palmitic and 

arachidonic acid were 347 ±41 and 494 ± 34niiit)l/mg 
protein, respftcdvely. Values are meAns ± SO', bt — 5 
experiments. 


formation platesaued, white MDA concentrations 
continued to increase, albeit at a slower rate than at 
lower O 2 tensions. Majrimmn fold increases of MDA 
and F 2 -isaprostanes were 65 and 9.4 dines baseline 
values, respectively. As shown in Pig. 2B, 
concentrations of arachidonic acid decreased dra^ 
matically as oxygen tension increased, and the loss 
correlated 'with Fj-isoprostane generation. Half- 
maximal loss of arachidonic acid ocenrred at 5% Oj- 
Again, losses of arachidonic acid are expressed in 
relation to concentrations of palmitic acid. 

In Table 1, increases in Fi-isoprostane fonnation 
nnder different O 2 tensions compared with the 
generation of MDA and Joss of arachidonic acid are 
compiled. When the amount of Fj-isoprostanes 
generated over a range of O 2 concentrations was 
compared with the quantity of arachidonic acid 
consumed, there was little variation, with approxi- 
ntately 1 moi of F-'isoprostanes formed for each 
130,000-170,000 mol of arachiefonEUe consumed. 
The number of moles of MDA generated per mole 
of araebidonate lost, however, varied more widely; 
at O 2 tensions below 21 %, approstiinately 1 mo! of 
MDA was generated for each 5-6 mol of aiachidciiic 
acid consumed, while the ratio was 1:2 at higher O 2 
concentrations. In addition, as is apparent, the total 
amount of MDA generated for exceeded the quantity 
of Fj-isoprostane formed. 

As a final set of experiments, the relationship 
between MDA and Fvisoprostanc generation was 
compared in an in oivo model of lipid peroxidation 
involving the administration of CCI4 to rats, CCI4 
induces marked lipid peroxidation in the livers of 
animals due to its metabolism by the cytochrome 
P450 enzyme system to the trichloromeihyl radical, 
which Oxidizes unsatorated fatty acids present in 
(issue phospholipids. For these studies, Uver d^ue 
levels of F 2 -isoprostanes and MDA in rats treated 
with CO 4 for 1 hr were compared. The results are 
shown in Table 2, Increases in esterifled F 2 - 
isoprostanes were approximately 80 limes baseline, 
whereas they were only 2.7 times baseline for MDA. 


levels at 10 min, and by 90 min were 40 ± 12% of 
esterifled levels (N = 3). Thu.s, these data support 
the concept that hydrolysis of Fj-isoprostanes foom 
microsomal phospholipids accounts for the decline 
in esterifled levels of compounds over time. 

As shown in Fig. IB, arachidonic acid was dqjleted 
rapidly in peroxtdizing microsomes with most of the 
loss occurring in the first 10 min. The loss 
paralleled F 2 -isoprostane formation. In these studies. 
disappearance of arachidonic acid was coiDpared 
with that of palmitic add, which as a saturated fatty 
acid is not subject to peroxidative damage, and, 
therefore, was used to correct for differences in 
extraction efficiency. 

The relationship between Fi-isoprostane and 
MDA generation at various oxygen concentrations 
was then examined. The results are shown in Fig. 2. 
In Fig, 2A, a comparison of the generation of Fi- 
isoprostan esandof&IDAis shown. Atconcentiations 
of Oj up to 21 %, the generation of both lipid 
peroxitlation products pamlleled each other. At Oj 
concentrations above 21%, however, Frisoprostane 


DISCUSSION 

The present studies were undertaken to exa min e 
the relationship of the formation of F 2 -isoprostanes, 
which are novel products of free radical catalyzed 
lipid peroxidation, and the generation of acommonly 
used measure of lipid peroxidation, MDA, in 
peroxidizing rat liver microsomes. The loss of the 
FQ'iaoprostane precursor, arachidonic acid, was used 
as a reference measurement. 

Several important observations emerged from the 
shidies reported herein. First, the generation of F^ 
isoprostanes was influenced to a large degree by the 
oxygen tension present in the reaction mechuni. 
Sm^l amonnts of F 2 -isoprostanes were generated at 
very low O 2 tensions, but their formation increased 
markedly as O 2 concentrations increased up to 21 % 
and above this concentration their production 
plateaued. Further, at concentrations of O 2 less that 
21%, F 2 -isoprostane generation correlated with 
MDA generation but above 21% O-, MDA 
concentration continued to increase. At ail oxygen 
concentrations, the formation of F 2 -i 3 oprostanes 
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Table 1 . In eitro changes ot oAVgeti-ilependent lipicl peroxirtctlon parann^tera in rut liver microsoines 
incubated for 20 min with iron, aUP and ascorbate* 


Oxygen 

texL'^ion 

m 

AA 

MDA 

(naiol gain) 

MDAfAA 

ratio 

Fn^i^oprostaties 

(pnwil gain) 

F;-isopro5tanes/,\A 

ratio 

0-5 

94 -r 34 

20 £ 12 

1/5 

0.55 -t 0.56 

b'lTO.llOO 

1 

157 ± 39 

27 ± 7 

1/6 

1,13 ± 0.56 

1/140,000 

5 

276 + 24 

55 1 14 

i,« 

1,71 ± 0-42 

1/160,000 

21 

326 ±20 

87 * 3 

i;tt 

2.54 £ 0.92 

1/130.000 

100 

341 £ 34 

152 £ 12 

hi 

2.66 = 0.9S 

1/130,000 


* AM values for arachiilonic acid (AA), MDA, and Fj-isopmstanes are per m£ microscimal protein. 
Baseline values at 0^ oxygen were: for arachidonk acid, dp's ± 34 nniol/mg pl'oieiu; MDA, 
2.3 a: 1,3 iinmol/mg protein; and for Fvisoprtwtanes, 0.28 4:0.22 pmo!/mg protein. 


Table 2. Increase io Fj-isoprostanes and MDA id rat liver 
2 hr after intragastric CCl 4 



MDA 

(nmol/g liver) 

Fyiaoprostanqs 
(praoi/g liver) 

Control rats 

200 £ 1,32 

13 ± 2 

Rats administered CCi 4 

527 t 132 

1040 ± 161) 

(1 mL/kg) 
Fold-increase 

2 . 7 * 

S0.2t 


Rat liver tissue used io these studies cooUined 1’.4 lanol 
arachidonic add/tissne. Values for MD.A and F,- 
isuprostanes are means s SD, N = 5. 

* P < 0,005 compared with baseline, 
f P < 0.001 compared with baseline. 


correlated with the loss of its precursor, arachidonic 

acid. 

The fact that Fj-isoprostaiic production correlates 
with preciirsorunsaturatedfatty acid lossisimpoTtnnt 
.since it implies that Fj'isoprostanes may he a useful 
measure <jf lipid peroridation at high Or tensions. 
This is in coiuradistinction to alkane formation, 
another tool used to assess lipid peroxidation, At 
low Oj tensions, pentane or ethane formation 
atrrelates with fatty acid oxidation, whereas the 
generation of pentane decrea.ses at higher Oi tensions 
despite increasing loss of polyunsaturated fatty acids 
lllj. The reason for this is uiiknowii but may be due 
to the preferential formation of lipid peroxidation 
products other than alkanes at higher Oj tension. 

The cause for the dissociation between MDA 
formation, F;-isoprostane generation and ara- 
chidonate loss at higher O; eonCentratioas is unclear 
but may be explained by the fact that whereas F'r 
iS(»rostanes derive only from arachidiinie acid, 
MDA is generated by other fatty acids which display' 
different rates of pero.xidation at tllfferent O'; 
tensions based on the number of double bonds 
contained in the molecule. It has been shown 
previously that compounds possessing mote double 
bonds are pentxidized to a greater extent at lower 
O; tensions fll]. Thus, it is possible that nrachiclonic 
acid, which is highly liiisaturated, is the primaiy 
source for MDA in peroxldiring microsomes at lower 


O; tensions and thus the generation Of MD.A and 
loss of arachidonite correlate. At higher 0; tensions, 
however, other fatty acids containing fewer double 
bonds, such as liiiolaie adil. may contribute a 
relatively greater fraction to the generation of MDA, 
thus nltering the relationship between MDA 
formation and arachidonic acid consumption. 

In addition to the in uitio studies reported, we 
sought to compare the generation of Fj-isoprostanes 
with that of MD.A in an m I’h’O model of lipid 
peroxidation, employing the administration ot CCI 4 
to rats. It is of interest to note that unlike the 
generation of MDA and isopro,stiines in vitro, the 
increases in Fj-isopiostnnes that were detected in 
the liver tissue of animals treated with CCU were 
far greater than for MDA (Table 2). This fintling 
may be explained in several ways. First, it is possible 
that CCi 4 administration to rats results in less MD.A 
formation relative to isoprostaiies than does the in 
tu'rro iron-ascorbate system studied. Indeed, the 
geucratiun of MDA in rat liver niicrosOmes incubated 
with (IICII 4 is less than in microsumes incubated with 
iron-ascorbate probably because the formation of 
the trichloromethyl radical req uires the P450 eiKyme 
system, which niay be damiiged during micmsomal 
purification Or may be inactivated by reaction with 
CCij adducts [11,1.2], Oi> the other hand, in 
preliminary experimeiiti. we observed that the yield 
of FVisoproslanes in mkrosomes intubated with 
ecu also was proportionally les.s compared with 
incubations using iron-ascorbate (data not .shown), 
making this explanation imlikeiy. More likely, 
however, is the fact that MDA is rapidly metabolized 
ill mvo ajtd may be unstable in an oxidizing 
environment, Thus, the detection of increases in 
MDA in vivo may be more difficult than for F;- 
isoprostanes, which are relatively stable [9, 10,191. 
Third, for these studies, MDA was quantified using 
a colorimetric assay to measure tliiobarbitiiric acid 
reactive material, in addition to MDA generated 
from iipid peroxidation, it is well known that other 
5 ubstancti.s such as sugars, proteins and pigments 
will eross-react in the assay to yield thiobarbiiuric 
acid reactive material [19J. Although numerous 
methods such as Hf’f.C purification have been 
developed to circumvent this problem, It is clear 
that no method is entirely satisfactory [20]. This is 
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particularly true when the assay is ntUized to measure 
complex biological fluids and tissue extracts. Htus, 
while irequeiitly used as an index of lipid 
peroxidation, h-lDA values obtained from biological 
sources must be interpreted with caution. Hierefore, 
it is possible, for example, that in the studies reported 
herein, the fold-increases in MDA in the livers of 
CCU-treated rats were artiliciully low due to 
interfering substances elevating baseline measure¬ 
ments. Nonetheless, while MDA and Fj-isoprostane 
increases are similar in peroxidized rat miciosomes 
in vitro, it appears as though the latter measure may 
provide a better index of lipid peroxidation in uiuo. 

In summary, these studies have provided data 
regarding factors controlling the generation of Fj- 
isoprastaiies in aurn uiiro mode I of (ipid peroxidation 
and validate thcir usefulness for measuring lipid 
peroxidation under a variety of Oj concentrations. 
Further, these studies may provide insight into 
conditions modulating the formation of F^-iso- 
prostanes in oioo. 
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